Mixed isotope techniques and experimental apparatus have been developed for determining the rates of tritium permeation through metals at high temperatures . These methods are used primarily for observing the permeabilities of tritium through materials for steam generator systems. The techniques include the option of an inert gas or a controlled steam oxidizing atmosphere on the downstream side of the sample. Therefore, effects of surface oxidation and the formation of oxide coatings to impede tritium permeation can be determined.
INTRODUCTION
The development of nuclear power stations and the potential loss of tritium to the environment has kindled the interest in hydrogen permeability through metals. The production of tritium by these facilities and the need to restrict losses of tritium to the atmosphere demand that we know the quantities of tritium that can escape by permeation through the construction materials. These factors are particularly significant in the development of deuterium-tritium fusion reactor systems where the plant inventories of tritium will be relatively high, and safety regulations restrict tritium release into the environment. In these future fusion power plants, the tritium that escapes from the plasma and blanket areas can be controlled by secondary containment and then processed and recycled back to the plasma. However, there will be a serious problem if too much tritium escapes from the blanket or coolant into the steam system by permeating through the walls of the steam generator. Removal of tritium from the steam system is not practical; therefore the permeation of tritium into the steam system must be minimized and must be known quantitatively.
The surface oxidation of metals to form oxide coatings on the metal is known to impede the permeation of hydrogen through the metal. ~ However, there is little quantitative information on this impedance, and little is known about the chemical and physical character of oxide films formed under steam generator conditions. The best experimental results on this subject will come from studies where the permeation through a sample is measured while the oxidation proceeds and forms an oxide film. Experimental methods are needed for studying steam generator materials to determine the effects of at least four particular factors:
1. The quantitative effects of the oxide film to impede permeation, and the conditions which will produce a film with the greatest impedance.
Impedance factors greater than 100 are needed for tritium management in fusion reactors.
2. The pressure dependence of tritium permeation through metal-oxide composites. This will require nearly perfect oxide films so that in the experiment the tritium does not escape through cracks, holes, etc. U. The physical character of the oxide coatings and the effects of temperature cycling. There is concern that the physical integrity of effective oxide coatings may be destroyed when the temperature changes more than 100°C.
We have developed a mixed isotope technique and have built an experimental apparatus with a simulated steam generator. With this combination we can measure the permeation of tritium through a metal sample at high temperatures (up to 800°C) and with an oxidizing sweep gas on the downstref-m side of the sample. This paper describes the mixed isotope technique, the associated apparatus, validity of the methods by application to nickel, and the results of a long-term experiment observing the permeation of tritium through Incoloy 800 while the downstream side of the sample oxidized.
EXPERIMENTAL METHOD AND APPLICATION TO NICKEL
The experimental apparatus in this work is similar to that used earlier in a study of deuterium permeation. The analytical techniques are different, but they can still be considered as tracer techniques.
Potential hazards because of the radioactivity of tritium demand that experimental techniques use minimum amounts of tritium. The method basically consists of measuring the tritium that permeates from a Tp-HT-Hp-Ar (or other inert gas) feed gas through a specimen tube into a sveep gas that is predominantly Ar but may contain controlled amounts of H 2 and/or HpO. The feed gas is prepared by mixing Tp with a mixture of Ar-k% Hp. The conditions must be such that the hydrogen and tritium are isotopically equilibrated by the reaction
and the tritium pressure, p , may be expressed as l 2
where K is the equilibrium constant which is only slightly temperature dependent above UOO°C. Under the present experimental conditions, the ratio Hp/T 2 is large anc". essentially all of the tritium is present as HT.
Hydrogen isotopes diffuse through metals as atoms, and the diffusing tritium atoms should not be influenced by the hydrogen atoms at these low concentrations .
A schematic diagram of the experimental apparatus is shown in Fig. 1 .
The feed gas flows at a constant rate into a heated quartz chamber maintained In experiments with HJD in the sweep gas, the tritium that permeates into the sample tube equilibrates with the H p 0, and the exhaust from the sample tube passes through a second condenser maintained at <15°C. Most of the tritium is trapped as HTO with the condenser, and the condensed sample is analyzed for tritium by liquid scintillation counting. The exhaust from the condenser is analyzed with a Johnson Laboratories Model 1055 B tritium gas analyzer, and the total tritium flux for a given time interval is the sum of the two analyses.
The flux, J, of tritium permeating through a metal sample has toen derived from Pick's law of diffusion and Sieverts 1 law of solubility to be
where D is the diffusion constant, K. is the Sieverts or solubility constant,
x is the thickness (mm) of the sample, p. and p ? are the upstream and downstream pressures of T_, respectively. The product, DK,,, is permeability.
Substitution of equation (2) into equation (3) gives
Equi*+-.c:. (U) rather than equation (3) experimental conditions) was analysed with a tritium gas analyzer. Table I gives eight values for tritium permeability through nickel at 836°K for various HT driving pressures. The average value of 1.9 x 10~ [cc(HPT)*mn from data for deuterium permeability through nickel by the equation DK_ = k exp (-12800/RT), (6) where k is O.363, and R is 1.9-8 cal/mole«degree.
The temperature dependence of tritium permeation through nickel was measured over the 636-91O°K range. A plot of log permeability vs T is shown in Fig. 2 for 23 data points. The least squares fit of the data gives the equation ± O.lt kcal mole" . From these data k in equation (6) is 0.399 for tritium permeability through nickel.
The method was also tested using HpO in the downstream sweep gas. A final evaluation experiment to determine tritium permeability through Ni at 836°K was conducted with the downstream sweep gas composed of HpO, Hp, and Ar.
Partial pressure ratios of HpO/H 2 were 8.6 and 175» and corresponding permeabilities of 1.26 x 10~ and I.56 x 10~ cc(NPT)«mm*min~ • cm" # torr~ were determined from the condensate and the exhaust of the condenser.
These evaluation experiments accomplished two feats, (l) The mixed isotope technique and the associated apparatus were shown to be ideal for studying tritium permeation through metals under controlled oxidizing conditions. This technique used with the reducing feed gas is an excellent way to avoid oxidtvtion of the metal on the upstream side of the sample. (2) The first tritium permeation data for niokel were determined. 
OXIDE COATINGS TO IMPEDE TRITIUM PERMEATION
The mixed isotope techniques and the associated apparatus with the oxidizing steam-argon sweep gas is being used to determine the effects of surface oxidation to impede tritium permeation through Incoloy 800, henceforth called 1800. This alloy is an iron, nickel, chromium alloy with low ccjiisntrations of Si, Mn, Cu and C, and it is a candidate material for steam generators in fusion and fission reactor systems. 1800 will oxidize, especially at high temperatures, and a feed-gas mixture of k% H p in Ar will have enough
HpO as an impurity to oxidize the surface of an 1800 sample. Thermodynamic data for the reaction of Cr with HgO indicate that I800 will oxidize at 65O°C in an atmosphere vith the H 2 0/H ratio as low as 10~ . It was desirable to oxidize on3y one side of the sample, so the upstream side of the 1800 sample was protected with a layer of nickel. This was accomplished by using a duplex tube of 1/8-in.-thick nickel metallurgically bonded onto l/8-in.-thick 1800
as the sample specimen. Mckel does not oxidize under these upstream conditions and nickel has a higher permeability than 1800. The driving pressure at the nickel-1800 interface can be calculated from the permeability of nickel and the upstream pressure. With the above described techniques applied to this sample, we measured the permeation of tritium through 1800 at 657°C with a steam partial pressure of 21*0 torr in the argon sweep gas. The feed gas mixture was Ar-h% Hp with 1.5 ppm HT. The permeability data for the 1800 sample over 7 -â n 8U day period are shown in Fig. 3 . The permeability was 1.6 x 10 -P -1 -1/2 cc(NPT)'mm*cm~ -min «torr before the steam was added to the argon sweep gas. This value cannot be assumed to be the permeability of clean 1800
because there was some surface oxidatior of the 1800 by the trace amounts of was calculated as the ratio of partial pressures for H ? 0/H 2 in the initial sweep gas. Furthermore, the permeability of 1.6 x 10~ is a factor of 6 greater than the earlier reported permeability of D ? through 1800 at 61»9°C, and indicates that the 1800 sample in the earlier work had more surface oxide. In fact, the earlier sample was somewhat oxidized on both sides, whereas in the present work the upstream side of the specimen tube was protected from oxidation.
The time that steam was added to the sweep gas corresponds to zero time in Fig. 3 . Immediately thereafter, the permeability rapidly decreased for 36 hr, and then decreased at a much slower rate linearly with the square root The most important conclusion from the data in Fig. 3 is that the formation of the oxide layer on 1800 at these conditions for a period of Qk days decreased the permeability of the sample by a factor of 160. An impedance of this magnitude will be significant in reducing the amount of tritium that escapes from a reactor 16 coolant into the steam system. Furthermore, extrapolation of these data indicates that the tritium permeability of this sample under these conditions would be reduced by a factor of 10 after 7 months.
There are three important questions that follow these results which will need to be answered in future experiments: (l) After the oxide layer
is formed, what is the relation between the permeability and the tritium pressure, (2) How will temperature cycling affect the physical integrity of the oxide coating, and (3) How do these data relate to systems with high steam pressures on the downstream side. The goal of continuing experiments is to answer these questions and others that may arise. 
